The AlN x O y system offers the possibility to obtain a wide range of responses, by tailoring the properties between Al, AlN and Al 2 O 3 , opening a significant number of possible applications. The aim of this work is to correlate the optical properties of AlN x O y thin films with their composition and structural features, taking as reference the binary systems AlN x and AlO y . In the AlN x system, the increase of the nitrogen content induced a wide variation in the optical properties, ranging from the typical profile of a polycrystalline Al-type film towards nearly constant reflectance values as low as 5%, as well as a smooth increase in samples transparency as the ratio N/Al approached unit. In the case of the AlO y system, the reflectance also decreased as the oxygen content increased, however the transition to transparent films (Al 2 O 3 -like) was more abrupt. The ternary system AlN x O y , revealed optical responses that ranged from a typical profile of a polycrystalline Al-type film, towards low and constant reflectance values in a wide range of x and y coefficients, ending up as semi-transparent when Al 2 O 3 -like films were formed. The unusual low optical reflectance of some films reveals some potential applications in solar power systems and sensors.
INTRODUCTION
Metallic oxynitride thin films, MeN x O y (with Me standing for a metal), are a class of materials that are attracting the attention of several researchers for the last decade due to their interesting properties in different technological domains such as protective applications [1] , decorative coatings for highquality consumer products [2, 3] , gas barriers [4] , optoelectronics [5] microelectronics [6] , solar cells [7] , among others. In fact, it has been shown that by varying the non-metallic over metallic content in the films, it is possible to obtain a large gradient of different properties [2, 5, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , including the optical ones, which are always of high interest. Martin et al. [24] , Vaz et al. [2] , Chappé et al. [9] and Venkataraj et al. [11] studied the TiN x O y system and found that the colour of the films [2, 9] , the optical constants (refractive index, n and extinction coefficient, k) [11] , as well as the bandgap [10] can be tuned according to the non-metallic/Ti atomic ratios. Carvalho et al. [20] claimed that distinct intrinsic colours can also be found in the ZrN x O y system, according to the concentration of nonmetallic elements in the films. In other related works, Banakh et al. [16] , Mientus et al. [15] , Parreira et al. [17] , Futsuhara et al. [8] , Fenker et al. [21] , Petitjean et al. [23] and Venkataraj et al. [11] also showed that by controlling the oxygen-to-nitrogen ratio, respectively, in TaN All these works support the idea that the optical properties of the metallic oxynitrides can be tailored from the pure metal towards the pure metallic oxide and nitride binary systems, according to the particular application envisaged.
Among the possible metallic oxynitrides, aluminium oxynitride (AlN x O y ) is also another attractive system to be studied in terms of optical properties, since one can find a wide range of properties in this ternary system. This possibility arises from the particular characteristics of each base system, since aluminium is a metallic material; while aluminium nitride (AlN) is a semiconductor with a bandgap in the range of 5.8 to 6.2 eV [25] , and a refractive index varying between 1.8 -2.2 [26] [27] [28] ; and aluminium oxide (Al 2 O 3 ), is a well-known and used insulator, with a bandgap as high as 9 eV and a low refractive index in the order of 1.7 -1.8 in the visible range [26, [29] [30] [31] . In fact, Al, AlN and Al 2 O 3 are used in several different technological fields and applied in a large variety of different devices. First of all, aluminium is used in mirror fabrication, as well as in surface plasmon-coupled emission (SPCE) applications, and it is a good candidate to be used as non-resonant plasmonic nanoparticle in thin-film silicon solar cells [32] [33] [34] . Due to its semiconductor characteristics, AlN is commonly used in fabrication of optical sensors in the ultraviolet-visible region, light emitting diodes (LEDs) [35] , and several types of microelectronic-related applications [36] [37] [38] [39] . Finally, alumina, Al 2 O 3 , is used as protective film for metal reflectors, dark mirrors, and in metal-oxide-semiconductor devices [40] .
The possibility to tailor the properties of aluminium oxynitride thin films between those of pure aluminium and those of aluminium oxide and nitride films, or to combine some of their advantages by varying the elemental concentrations, allows developing a mixed Al-N-O system, where the optical properties can be tuned according to the required application. There are some studies related with the polycrystalline spinel aluminium oxynitride which is known to be a ceramic material (melting point above 2300 K) with high strength and hardness [41] , and it has a refractive index between 1.6 and 1.8, being transparent between 230 and 5000 nm [26] . Spinel-AlNO is claimed to develop a face centered cubic lattice, when stabilized at very high temperature in a nitrogen atmosphere [42] , exhibiting a lattice parameter of approximately 0.79 nm. This cubic symmetry ensures isotropic optical properties for the polycrystalline AlNO, which implies a reduction of the optical scattering. This set of features has allowed aluminium oxynitride to be considered, for example, a candidate for the American armour systems [43] , since it offers advantages when compared with glass and sapphire (Al 2 O 3 ). AlNO has also been claimed to be a high reliability coating for the improvement of the catastrophic optical damage of LASER diodes [44] , and it is used in upconversion luminescence materials [45] . Finally, AlNO thin films can also be used in solar collectors and concentrated solar power systems, due to their relatively high solar absorbance [46] .
Taking the above as a starting point, this work is devoted to study the influence of stoichiometry and structure in the optical responses of AlN x O y thin films and comparing these responses with those of the two base binary systems: AlN x and AlO y . Since the optical properties of the materials significantly depend on their interdependence of composition and type of bonding, structure, and morphology, an understanding of these relationships will be a major concern. In this respect, this work can be considered as a contribution to the understanding of a class of materials whose interest is growing in the past few years: the oxynitrides. This basic knowledge on oxynitrides (aluminium oxynitride in the present case) is fundamental to establish the limits for practical applicability of these coatings in future applications where the major findings of this work might be of importance.
EXPERIMENTAL DETAILS
For the present work, AlN x , AlO y and AlN x O y films were deposited on glass and <100> silicon substrates by reactive DC magnetron sputtering, in a homemade deposition system [12, 13, 47] . The substrates were ultrasonically cleaned and then placed in the rotating substrate holder. They were grounded and heated before discharge ignition by using a heating resistor placed at 80 mm from its surface, controlled by a type-K thermocouple. When the base pressure was close to ~10 -4 Pa the substrates were subjected to an in situ etching process, using pure argon with a partial pressure of ~ 0.3 Pa, and a pulsed DC current of 0.6 A for 900 s. The films were prepared with the power supply connected to the magnetron operating in the current regulating mode by applying a direct current (DC) density on the aluminium target. The gas atmosphere was composed of argon and a reactive gas composed of a nitrogen + oxygen mixture, with a N 2 + O 2 constant ratio of 17:3, in order to prepare the oxynitride films, AlN x O y . In the case of the binary systems, the argon was mixed up with pure N 2 and pure O 2 in order to produce AlN x and AlO y films, respectively. The partial pressure of reactive gas was measured just before discharge ignition, without argon, and keeping constant the other deposition parameters (temperature, ground condition and base pressure), and thus it is directly proportional to the gas flow rate. In order to remove oxide/nitride layers from the cathode surface before each deposition without substrates in the chamber, a cleaning of the target was performed by applying the same current density and argon pressure, until the target potential was constant. Further details of the experimental setup can be found elsewhere [12, 47] . The discharge parameters: target potential and current, gas pressure, argon flow and reactive gas flow, were monitored before and/or during the deposition using an Agilent 34970A Data Acquisition system. , and experiments were made at tilt angles of 0º and 30º. Composition profiles for the as-deposited samples were determined using the NDF software [48] [49] [50] .
The deposition rate, or growth rate, was calculated by the ratio between the average thickness of the sample, deposited on silicon substrate, and the deposition time. Scanning electron microscopy (SEM) was used to determine the thickness of the films and to investigate their morphology, using a Leica Cambridge 5526 apparatus.
The structure and phase distribution of the coatings deposited in silicon substrates, were accessed by X-ray diffraction (XRD), using a conventional Philips PW 1710 diffractometer, operating with Cu Kα radiation, in a Bragg-Brentano configuration.
Cross-sectional samples were thinned down to 10 µm by using the tripod polisher. The Standard (from Ocean Optics) and a WS-1-SL Spectralon White Reflectance Standard (from Labsphere), were used for reflectance measurement correction purposes. These features are reinforced by the AlO y films deposition rates (determined by thickness over deposition time) which were found to be ~40% higher than the ones obtained in AlN x and AlN x O y [47] systems. The values of deposition rates, as well as the thicknesses of some representative films of each system, are presented in 
RESULTS AND DISCUSSION

Chemical composition and deposition rates
Crystalline Structure
In order to follow the influence of the chemical composition in the structural features of the films, a detailed structural characterization was carried out. Figure 3 (a-c) shows the XRD diffractograms of the prepared samples, where the differences in crystalline phase formation and preferential growth can be observed. Following the distinct compositions, the structural analysis brings other insights, not only confirming previous identified zones, but also uncovering the development of other important features that will be used to explain the different optical behaviours. The aluminium film (deposited without reactive gas) exhibits the typical face-centered cubic (fcc) structure of aluminium (ICSD collection code: 52255) [51] , with the main diffraction peaks corresponding to <111> and <200> diffraction planes, as can be seen in figure 3 (c).
In the previous section it was shown that there are two main behaviours in the AlN x system.
However, according to the XRD measurements depicted in figure 3(a) , one can actually distinguish three different zones. The results obtained show an Al-type crystalline structure, followed by a gradual transition towards AlN-type diffraction patterns. The fcc structure of aluminium is clearly observed for atomic ratios N/Al up to x = 0.27 (Al-type zone), which in fact is in agreement with previous investigations carried out by Venkataraj and co-workers [25] . In the films with higher x values (transition zone), the Al-type diffraction peaks seems to vanish, giving rise to faint (low intensity) AlN peaks, as deduced from XRD measurements, namely those with x values between 0.42 and 0.78.
Again, this behaviour is closely related with that observed by Venkataraj et al. [25] . When the atomic ratio N/Al increases further (AlN-type zone), the films crystallize in a typical hexagonal AlN wurzitetype structure (ICSD collection code: 82790), with a <101> preferential orientation, as already demonstrated by other authors using reactive DC magnetron sputtering [25, 52, 53] . The diffraction angle corresponding to the <101> diffraction plane was detected at 2θ = 38º, which is rather close to the stress-free lattice of the AlN structure (2θ = 38.3º). The <002> plane, corresponding to the c-axis orientation of the hexagonal lattice could also be detected in sample AlN 0.91 at 2θ = 36º, also in agreement with the 2θ = 36.3º value of the stress-free lattice of the AlN hexagonal structure.
In the case of AlO y system, one can also establish a close relation between the chemical composition and the crystalline structure evolution. The corresponding XRD patterns are plotted in The reflectance of the sample deposited without reactive gas has the typical profile of polycrystalline aluminium, with high reflectance values and a strong absorption peak around 800 nm (~ 1.5 eV) due to interband transitions [57] . As the non-metallic/Al atomic ratio increases, the reflectance spectrum of the samples has a pronounced variation, both in form and intensity. This figure 6(b) ), as well as the HRTEM in figure 6(c) . This type of morphology also explains the electrical properties of the films, as already discussed in a previous work [47] . The lower reflectance values, extending to the near-infrared, that were observed for these nanocomposite films could be due to the formation of a complex shape network of Al nanoparticles in the matrix, since it is known that metallic fractal cluster networks can induce a broadband optical absorption [58] . This is an important optical behaviour, with some possible applications, namely in concentrated solar power systems (CSP), where a material with very low spectral reflectance is required in the range of solar spectrum [59, 60] ; as well as in solar collectors [61] 
3.3.2.
Modelling of the optical spectra.
Theoretical background.
To investigate the optical properties of the films, different optical models were used to fit its reflectance and/or transmittance spectra, using the computer program 'SCOUT' (developed by W. Theiss, Hard-and software) [62] . To describe the dielectric susceptibility of polycrystalline aluminium there are normally three contributions that must be taken into account:
i) The free electron contribution due to intraband transitions, described by a Drude model, which is given by:
In the equation (1),  is the wavenumber, and  plasma and  T are the plasma frequency and damping constant, respectively, which are two adjustable parameters of the model.
ii) The interband transition contribution due to two strong interband transitions at 0.5 eV and 1.5 eV. The typical strong absorption band of aluminium, around 800 nm, was described using a OJL interband transition model with the correspondent expressions deduced elsewhere [63] .
iii) The contribution of the weak broad interband absorption [26, 28, 57] , modelled using two Kim oscillators [64] , which is just an extension of the classical harmonic oscillator model that allows a shift of the line shape between a Gaussian and a Lorentzian profile. The susceptibility (  Kim ) is given by:
There are four adjustable parameters in the Kim model: resonance frequency (  TO ), oscillator strength (  P ), damping constant (   ) and the Gauss-Lorentz-switch (  ). When 0   a Gaussian profile is obtained and when 5   the Lorentzian line shape is gained.
The model described above with a dielectric background contribution was used to study the optical properties of the films with Al-type structure in the three systems, considering a simple layer surrounded by air to represent the coating.
Several models can be used to study AlN optical properties such as the Swanepoel´s method [27] , the OJL oscillator model, or simply using a two oscillators model [28] : one Brendel [65] and one Kim. The Brendel oscillator model is similar to the Kim oscillator model, with the same four adjustable parameters where the parameter  is substituted by the distribution width parameter. This two oscillators model (Brendel + Kim) was used to simulate both reflectance and transmittance spectra of the AlN x films with concentration ratios above 0.88, corresponding to the close-stoichiometric AlN films, as well as for some of the AlN x films, indexed to the transition zone with a Tauc-Lorentz dielectric function model added. In this model, the imaginary part of the susceptibility  i is given by [66, 67] :
The adjustable parameters are S , strength,  T , damping constant,  0 , resonance frequency, The optical properties of alumina-type films, can be studied using a Tauc-Lorentz model [37, 68] , or by the well known and often used Cauchy equations [69] , which were adopted in the case of this study. According to this empirical equations, the refractive index, ) ( n  , and extinction coefficient, ) ( k  , can be determined by:
The adjustable parameters are the constants A, B and C, and  is the wavelength.
In the case of the AlN x and Al 2 O 3 -like semi-transparent samples, the optical models were implemented in the 'SCOUT' program assuming a two layer material surrounded by air, constituted by a glass substrate and the deposited film. In these cases, the film thickness could also be extracted from the fits. Figure 4 (a-c) depicts the representative simulated curves for reflectance of the opaque samples and figure 5(a-b) the representative simulated transmittance and reflectance curves of the semi-transparent ones for the three systems, using the models described previously. The agreement between the simulated and experimental data is very good. The simulated thickness of the semi-transparent films is in agreement with the values estimated by scanning electron microscopy, as can be observed in Table 3 , which gives more confidence to the models used. Table 3 . Comparison between the simulated thickness and the measured thickness of some semi-transparent samples.
Determination of the coatings optical constants.
Concerning the films with Al-type structure in the three systems, the standard aluminium optical model gives a good agreement between the experimental and simulated results, figure 4 (a-c).
It was possible to estimate a plasma frequency value of about 10.4 eV for the pure aluminium coating, lower than the value of 12.5 eV found in literature [57] , which is probably due to the presence of lattice defects and residual doping elements such as oxygen. This also explains the value of 210 meV for the damping parameter in the Drude model, higher than the values found for bulk aluminium (60 -160 meV) [57] . The typical interband absorption of bulk crystalline aluminium is located at 1.4 eV, close to the 1.5 eV value reported in the literature [70] , resulting in the significant drop of reflectance clearly observed in the spectra, figure 4(a-c) . This interband absorption, as well as another at 0.5 eV, hidden by the intraband absorption, occurs between the occupied and unoccupied (parallel) conduction bands of aluminium [71, 72] . Two other weak interband absorptions [26] , positioned at 2.97 eV and 1.73 eV, were also determined by the model using two Kim oscillators. The DC optical conductivity, ) 0 (  , of the aluminium coating was also estimated from the Drude parameters, plasma energy and damping, using the following expression [26] :
A DC optical conductivity of ~ 3×10 17 s -1 was obtained in agreement with the value found in literature for metallic aluminium [26] . 
CONCLUSIONS
In order to study whether the ternary system It was found that the ternary system, AlN x O y , has a distinct optical behaviour from the correspondent binary systems, AlN x and AlO y . Nevertheless, some similarities can also be found particularly for low non-metallic/Al atomic ratios. In fact, a common feature in the three systems is the Al-type structure observed in the majority of the deposited films. While maintaining this crystalline structure, the reflectance of the films changed from a typical spectrum of pure aluminium towards a flat profile, reaching values as low as 5%, depending on the particular composition of the films. In this particular case, the content of nitrogen plays an important role in the optical properties of the films.
While the typical interband absorption of aluminium at ~ 800 nm is always present in the deposited sub-stoichiometric AlO y films, for some particular N/Al atomic ratios in the AlN x system, films with very low and nearly constant optical reflectance over the measured spectral range were obtained. For higher values of N/Al ratio, an AlN-type hexagonal structure can be found in the AlN x system, with optical responses quite different from the ones observed in the films with Al-type structure, with a gradual increase of film transparency and bandgap, as the N/Al ratio approaches unit. For films deposited using the N 2 + O 2 reactive gas mixture, the flat optical reflectance can be found in a wider range of x values because oxygen is also being introduced in the films. The optical properties observed in these films can be explained assuming a network of aluminium nanoparticles embedded in an oxide/nitride matrix, as XRD diffractograms and TEM micrographs suggest. The nanoparticles can coalesce in irregularly formed clusters with different shapes and sizes in the matrix, which is known to induce flat and low reflectance profiles. This unusual low optical reflectance of some films has potential applications in concentrated solar power systems (CSP), solar collectors, sensors, among others.
